Introduction

High-density lipoprotein (HDL) diversity
HDLs are heterogeneous particles (Camont et al., 2011) , primarily defined by their density, between 1.063 and 1.21, which allows isolation from plasma by ultracentrifugation: HDL2a, HDL2b and HDL3 (HDL1 is not detectable in humans). Concomitantly, characterization of HDL particles by size can be achieved by gradient gel electrophoresis, which separates HDLs into HDL2b, HDL2a, HDL3a, HDL3b and HDL3c. Alternatively, two-dimensional gel electrophoresis allows separation into small pre-b HDLs and large a1-a4 HDLs according to their charge (b and a migration) and size (nm). More recently techniques such as nuclear magnetic resonance spectroscopy and ion mobility have been used to separate HDLs. The range of techniques used emphasize the heterogeneity of HDL subclasses and data from these different methodologies need to be brought together to conduct prospective studies in order to establish associations between HDL subclasses and cardiovascular diseases. HDLs are composed of lipids (phospholip-ids, esterified and non-esterified cholesterol, triglycerides) and proteins. Although apolipoprotein A-I (apoA-I) is the most abundant protein present, more than 100 different proteins have been reported to be associated with HDL particles (Vaisar, 2012) . In addition to the classical ultracentrifugation technique, immuno-precipitation using anti-apoA-I antibodies to capture all HDL particles can be used to isolate HDLs from plasma (McVicar et al., 1984) . However, most studies that investigate the effects of HDLs in vitro use plasma HDLs isolated by ultracentrifugation, which represent a pool of all fractions. In certain studies and particularly in vivo, the authors use reconstituted HDLs (rHDLs), which consist of an in vitro combination of apoA-I and phospholipids, producing disc-shaped particles resembling nascent HDL (Newton and Krause, 2002) . The apoA-I used for reconstituting HDLs may be either purified from human plasma or produced by recombinant technology.
Different types of endothelium
The endothelium is defined as the inner cell layer of blood vessels including arteries, veins, capillaries and venules, but also lymphatics. Electron microscopic studies have revealed an important structural heterogeneity of endothelium, ranging from a continuous to a fenestrated or discontinuous cell lining, depending on the density of tight junctions, the presence of holes or fenestrae, or even frank gaps between cells (see Aird, 2007a,b) . The blood brain barrier (BBB) is an example of a continuous endothelium with a dense network of tight junctions, which is closely associated with pericytes and astrocyte feet. A separate section is devoted to the effects of HDLs on the BBB, in this review. The transport of material across the endothelium is mediated by caveolae and vesiculovacuolar organelles (VVO). Whereas caveolae are frequently found in capillary endothelium [except for the BBB, which displays a reduced number of caveolae (Simionescu et al., 2002) ], VVOs are most prominent in venular endothelium (Dvorak and Feng, 2001) . Different types of endothelial cells can be used in vitro to investigate the effects of HDLs in response to various stimuli. In this review, the cell type used (primary cell culture, cell lines, obtained either from arteries or veins) and the origin (human, animals) will be specified. Furthermore, the extent of confluence in endothelial cell monolayers may induce different responses to the same stimulus, because the presence of tight junctions between endothelial cells critically affects their function, but this information is seldom available in publications.
Endothelial receptors for HDLs
HDLs exert a plethora of beneficial effects on the endothelial layer, which is the focus of the present review, but also on the surrounding tissues. It is important to understand how HDLs induce intracellular signalling from apical receptors of endothelial cells, whether HDL particles can enter endothelial cells and how they reach the subendothelial space.
The different endothelial receptors for HDL include the scavenger receptor B type I (SR-BI), the ATP-binding cassette transporters (ABCA1 and ABCG1), and the recently discovered ecto-F1-ATPase (receptor nomenclature follows Alexander et al., 2011) . These receptors can mediate intracellular signalling and then trigger or participate in HDL internalization, as summarized in Figure 1 . SR-BI. CO36, which was the first identified receptor for HDL (Calvo and Vega, 1993; Acton et al., 1994) , due to its homology with CD36, which is able to bind HDL particles, but devoid of the associated intracellular signalling that characterizes the response of SR-BI to HDL binding (Saddar et al., 2010) . Whereas the role of SR-BI in cholesterol efflux from macrophages is not clear, in particular due to species-related differences between mice and humans (Chen et al., 2000b; Larrede et al., 2009) , endothelial SR-BI signalling in response to HDLs clearly leads to production of vasculo-protective NO (Yuhanna et al., 2001) . Recently, Zhang et al. reported that SR-BI signalling was involved in HDL-induced cyclooxygenase 2 expression and PGI 2 production by endothelial cells (Zhang et al., 2012) . The latter is a strong vasodilator and potent inhibitor of platelet adhesion (Linton and Fazio, 2002) . SR-BI also binds to other ligands such as phospholipids, very low-density lipoprotein (LDL) and modified LDL (oxidized or acetylated) (Krieger, 2001) . The endothelial effects associated with binding of these ligands to SR-BI are not well documented. The C-terminal transmembrane domain of SR-BI is also regarded as a plasma membrane cholesterol sensor, necessary for its downstream intracellular signalling (Saddar et al., 2013) .
ABCA1.
Patients with Tangier disease are characterized by an HDL deficiency syndrome, such that they accumulate cholesterol in tissue macrophages and are more prone to atherosclerosis (Calabresi and Franceschini, 1997) . Based on studies using cells from these patients, several groups have identified a member of the ABC transporter family, ABCA1, as the protein involved in defective apolipoprotein-mediated lipid removal in these patients (Bodzioch et al., 1999; Brooks-Wilson et al., 1999; Rust et al., 1999) . ABCA1 mediates cholesterol efflux from macrophages to apoA-I via two possible mechanisms: (i) at the plasma membrane (Venkateswaran et al., 2000) ; or (ii) after binding and internalization of apoA-I into late endosomes to finally be re-secreted by exocytosis after being enriched with cholesterol (Takahashi and Smith, 1999) . ABCA1 is also expressed by human umbilical vein endothelial cells (HUVECs) and human aortic endothelial cells (HAECs) and was reported to be up-regulated by LDLs (Liao et al., 2002) . In these cells, overexpression of ABCA1 increased cholesterol efflux. Similarly, in a model of hypercholesterolemia in pigs, induced by 2 weeks of high fat (15%) and cholesterol (1.5%) diet, Civelek et al. (2010) showed that the ABCA1 gene was up-regulated in endothelial cells, independently of the aortic territory (in both atherosusceptible and atheroprotected regions).
ABCG1
. The role of a related transporter protein, ABCG1, in lipid metabolism was investigated because of its high sequence homology with ABCA1. It was suggested to be a regulator of macrophage cholesterol and phospholipid transport (Klucken et al., 2000) . ABCG1 expression is induced in macrophages by modified LDL (oxidized, acetylated and enzymatically modified LDL (Schmitz et al., 2001) ), at least in part via the liver X receptor subfamily of nuclear hormone receptors in response to oxysterols (Venkateswaran et al., 2000) . ABCG1 is also expressed by endothelial cells (HUVECs and HAECs), but is not associated with cholesterol efflux to HDL3 (O'Connell et al., 2004) . In contrast, ABCG1 was reported to mediate cholesterol efflux and in particular that of 7-ketocholesterol to HDLs in a different study using HAECs (Terasaka et al., 2008) . These authors suggest a role for ABCG1 in the protection of endothelial dysfunction of mice fed with a high-cholesterol diet via a reduced inhibition of NO production (Terasaka et al., 2010) .
Ecto-F1-ATPase. Ecto-F1-ATPase, a cell surface enzymatic complex related to mitochondrial F1F0-ATP synthase, was first discovered by Martinez et al. (2003) as a high affinity receptor for apoA-I in hepatocytes and shown to trigger endocytosis of HDLs. In this HDL endocytosis pathway, apoA-I binds to the b-chain of ecto-F1-ATPase leading to hydrolysis of ATP to ADP. Extracellular ADP activates the P2Y13 receptor, which stimulates, in turn, the uptake of holo-HDL (proteins + lipids) via an unknown low affinity receptor, distinct from the classical HDL receptor, SR-BI (Jacquet et al., 2005; Fabre et al., 2010) .
Expression of ecto-F1-ATPAse at the surface of endothelial cells (HUVECs) was demonstrated in 1999 by Moser et al. (1999) who showed that the a subunit could bind angiostatin and mediate its anti-angiogenic effects. Ten years later, endothelial ecto-F1-ATPAse was shown to bind apoA-I and to mediate inhibition of apoptosis induced by serum deprivation (in HUVECs) (Radojkovic et al., 2009) . This receptor for apoA-I was recently involved in uptake and transport of HDL and lipid-free apoA-I by bovine aortic endothelial cells (BAEC) (Cavelier et al., 2012) .
How do HDLs reach the sub-endothelial space?
The best documented cardiovascular protective effect of HDLs is their capacity to remove excess cholesterol from the peripheral tissues and to transport it back to the liver, for its subsequent elimination in the bile. This is called reverse cholesterol transport (RCT). The first step of RCT is to transfer cholesterol from lipid-laden cells (including macrophages or smooth muscle foam cells) to HDLs. RCT also plays an important role in mediating endothelial protective effects, by removing cholesterol and oxysterol and by triggering intracellular signalling pathways. The involvement of RCT in the protection of endothelial cells by HDL has recently been reviewed (Prosser et al., 2012) .
The exact mechanisms governing RCT from foam cells are still a matter of debate, in particular, whether HDLs need to enter the cells or not in order to accept cholesterol should be investigated in more detail:
• One theory suggests that cholesterol efflux from foam cells towards HDLs involves an endocytotic pathway of mature HDLs and lipid-free apoA-I to reach the subendothelial space of the arteries (Takahashi and Smith, 1999 ).
• The other main theory suggests that HDLs dock with their cell surface receptor, which triggers a signal leading to the delivery of cholesterol from intracellular membranes to HDLs, without the necessity for HDL internalization (Slotte et al., 1987) . Caveolin-1 appears to play an important role in this mechanism and this protein is the main structural component of caveolae that have been implicated in transmembrane transport and intracellular signal transduction (Anderson, 1998) .
However, in order to reach the foam cells within the arterial wall, circulating HDLs have to cross the endothelial layer either through endothelial cells, via a transcellular route (transcytosis), or between them (paracellular) route, unless the endothelial lining is disrupted.
von , who studied the interaction of both mature HDLs and apoA-I with endothelial cells, extensively analysed the process of transcytosis. They showed that BAECs cultured on porous inserts, bind, internalize and translocate HDLs from the apical to the basolateral compartment. HDL transcytosis involves two endothelial cell surface receptors that are SR-B1 and ABCG1 ), but not ABCA1, which was previously found to modulate lipid-free apoA-I transendothelial transport (Cavelier et al., 2006) . Lin et al. (2007) also reported that rat aortic endothelial cells express ABCA1 and showed that this transporter was able to modulate HDL-mediated cholesterol efflux in association with caveolin-1. They showed that ABCA1 and caveolin-1 are internalized by these cells after HDL incubation, but do not colocalize (Kuo et al., 2011) . The intracellular fate of HDL after uptake is not yet well characterized. Using immunoelectron microscopy, the same group reported, in rat aortic endothelial cells incubated with HDLs, that caveolin-1 was found in plasmalemmal invaginations and colocalized with HDL in cholesterol-loaded cells (Chao et al., 2003) . Only a very few free HDL particles were observed in the cytoplasm. Thus, these authors concluded that HDLs probably dock with caveolin-1, which is part of a specific membrane domain, that is within caveolae, and thus stimulate cholesterol efflux (Chao et al., 2003) . Arakawa et al. (2000) demonstrated the involvement of caveolin-1 and ABCA1 in cholesterol enrichment of HDLs in the human monocytic leukaemia cell line, THP-1. They showed that apoA-I allowed removal of intracellular cholesterol and phospholipid after treatment by phorbol 12-myristate 13-acetate (PMA), which induced expression of both caveolin-1 and the ABCA1 transporter.
Another receptor that could play a role in endothelial endocytosis of HDL is the b-chain of cell surface F 0F1-ATPase. This receptor, initially identified as a hepatic receptor for apoA-I able to trigger HDL internalization by hepatocytes (Martinez et al., 2003) , was recently shown to mediate apoA-I binding and subsequent internalization of HDLs by BAECs (Cavelier et al., 2012) .
Another pathway for HDL particles to reach the subendothelial space is the paracellular route. Gaps between endothelial cells are regulated by adherens and tight junctions, which restrict and control the trafficking of macromolecules larger than 6 nm. Because the diameter of HDL particles ranges from 8 to 10 nm, their entrance into the intima of the vessels should be actively regulated. Potent mediators of endothelial permeability such as thrombin, via the protease-activated receptor 1 (PAR1), and sphingosine-1-phosphate (S1P) may represent important modulators of lipoprotein passage into the subendothelial space (Mehta and Malik, 2006; von Eckardstein and Rohrer, 2009 ). To our knowledge, the paracellular transport of HDLs has not been investigated.
Can HDLs be used for vectorization towards the endothelium?
To better understand the mechanism by which HDLs act in endothelial cells beyond RCT, the question of their potential capacity to vectorize protective molecules and/or drugs within the cells should be raised. In smooth muscle cells, HDL uptake was shown to be accompanied by alpha-1 antitrypsin (AAT) internalization (Ortiz-Munoz et al., 2009) . HDL uptake has been documented in different cultures of endothelial cells (Chao et al., 2003; Rohrer et al., 2009) , including human microvascular cerebral endothelial cells constituting the BBB (see Figure 2) . The BBB provides the brain with nutrients but prevents the introduction of harmful blood-borne substances and restricts the movement of ions and fluid to ensure an optimal environment for brain function. As a consequence of its barrier properties, the BBB also prevents the movement of drugs from the bloodstream into the brain, and therefore acts as an obstacle for the systemic delivery of neurotherapeutic agents. Lapergue et al. (2010) studied the protective effect of intravenous injection of HDLs in a rat model of embolic cerebral ischaemia and showed that HDLs labelled with carbocyanines penetrated the infarct area and colocalized with endothelial cells and also reached the cerebral compartment where they were taken up by astrocytes. Moreover, Kratzer et al. (2007) showed that coating protamine-oligonucleotide nanoparticles with apoA-I enhanced their uptake and increased their transcytosis in cultures of primary porcine brain capillary endothelial cells. Thus, as endothelial cells express receptors for apoA-I, both HDL particles and apoA-I-coated nanoparticles could be used to improve the delivery of drugs across the BBB. 
HDLs in pathological conditions
Endothelial dysfunction. Endothelial dysfunction is common to all cardiovascular diseases. It contributes to the pathogenesis of atherosclerotic vascular disease by promoting the recruitment of leukocytes and thrombosis and by impairing the regulation of arterial tone and flow. Numerous cardiovascular risk factors and disorders have been shown to be associated with altered endothelium-dependent relaxation, such as diabetes mellitus, smoking, hypertension, atherosclerosis and heart failure (Widlansky et al., 2003) . The endothelial vasomotor tone integrates several factors, such as NO, prostaglandins, endothelin or endothelium-derived hyperpolarizing factor.
The evaluation of endothelial functionality in humans is often restricted to the measurement of NO-dependent endothelial vascular tone. Clinical studies usually evaluate endothelial vasomotor tone by monitoring changes in flow after stimulation of NO release by the endothelium in response to ACh. ACh has a vasodilatory effect after binding to muscarinic receptors that activate endothelial NO synthase (eNOS). NO, which is produced by eNOS from L-arginine, stimulates the cytosolic guanylate cyclase and increases cGMP content in vascular smooth muscle cells, resulting in relaxation of vascular tone. The most commonly used method to assess endothelium-dependent relaxation is to infuse ACh in the brachial artery and to determine the increase in blood flow in the forearm by venous occlusion plethysmography (Benjamin et al., 1995) . Endothelial functionality measured by flow-mediated dilation (FMD) of the brachial artery is impaired in hypercholesterolemic patients, but the underlying mechanisms remain to be elucidated. Several possibilities have been suggested including: (i) a reduced synthesis of NO; (ii) altered membrane receptor coupling mechanisms affecting the release of NO; and (iii) impaired diffusion or augmented destruction of NO in the vessel wall. Spieker et al. (2002) showed that endotheliumdependant vasodilation in response to ACh was reduced in healthy hypercholesterolemic patients compared with normocholesterolemic subjects, although endotheliumindependent vasodilation to sodium nitroprusside (SNP) was not altered, which suggested an important role for NO. When hypercholesterolemic patients received an intravenous perfusion of rHDL (at 80 mg kg -1 for 4 h), the endotheliumdependent vasodilation to ACh was significantly enhanced (P = 0.017), whereas endothelium-independent vasodilation to SNP was not altered. The authors concluded that increasing HDL plasma levels may normalize impaired endothelial function in hypercholesterolemic patients. In patients with Tangier disease, who have defective ABCA1 transporters resulting in low circulating HDL levels, impaired NOdependent FMD was also observed. Intravenous infusion of apoA-I/phosphatidylcholine (PC) in these patients completely restored the vasomotor response, indicating that HDLs play an important role in the maintenance of endothelial function by stimulating NO bioactivity (Bisoendial et al., 2003) .
HDLs and eNOS.
HDLs are known to promote production of NO and subsequent vasorelaxation (Yuhanna et al., 2001 ) by different mechanisms:
• By maintaining the lipid microenvironment (Uittenbogaard et al., 2000) , as HDLs serve as cholesterol donors for caveolae and thus inhibit subcellular redistribution and inactivation of eNOS, and in particular that induced by oxidized LDL (oxLDL). This process was reported to be SR-BI-dependent in human microvascular cerebral endothelial cells • By inducing signalling cascades leading to eNOS phosphorylation, for example, via Akt/MAPK/ERK (Mineo et al., 2003) and AMP-activated protein kinase (Kimura et al., 2010) • By increasing the half-life and thus the abundance of eNOS (Ramet et al., 2003) .
Activation of eNOS by statins was shown to involve SR-BI signalling, independently of 3-hydroxy-3-methylglutarylcoenzyme A reductase inhibition (Datar et al., 2010) , suggesting that this pathway could be involved in HDL-mediated NO production by endothelial cells, as previously described by Yuhanna et al. (2001) . SR-BI-blocking antibodies inhibited activation of eNOS by HDLs and HDL signalling was shown to require cholesterol binding and efflux to induce eNOS activation (Yancey et al., 2000; Assanasen et al., 2005) . In addition, cyclodextrin (Assanasen et al., 2005) and PC-enriched HDL yielded increased eNOS activation (Yancey et al., 2000) , suggesting that cholesterol efflux plays a central role in eNOS stimulation by HDL.
The dimethylarginine dimethylaminohydrolase/ asymmetric dimethylarginine (DDAH/ADMA) system is a recently described pathway for modulating NO production (Fiedler, 2008) . HDL prevented the decrease in NO production by HUVECs in response to oxLDL, as well as the reduction of DDAH expression and activity, and increased the level of ADMA (Peng et al., 2011) .
In vivo, rats pretreated with rHDL had less ventricular tachycardia and fibrillation in a model of ischaemia/ reperfusion induced by left coronary artery occlusion. The authors suggested that these beneficial effects of HDLs are mediated by an increased NO production via ABCA1 or ABCG1 and subsequent kinase signalling (Akt/ERK) leading to NOS phosphorylation (Imaizumi et al., 2008) .
Similarly, in an in vivo mouse model of myocardial ischaemia/reperfusion, HDL decreased infarction size. HDL and S1P were shown to mediate cardioprotection in an NO-dependent manner and via the S1P 3 receptor (Theilmeier et al., 2006) .
HDLs and S1P
S1P is the product of sphingosine phosphorylation by sphingosine kinase and can also be released from ceramide. S1P binds to S1P receptors (S1P1-5), which can couple to different G-proteins and drive a multiplicity of intracellular signalling cascades leading to a variety of cellular responses. In endothelial cells, S1P1 appears to be the most highly expressed receptor for S1P, followed by S1P2 and S1P3 receptors (Lucke and Levkau, 2010) . S1P1 receptor expression is up-regulated in endothelial cells by thrombin (Takeya et al., 2003) and by hypoxic conditions, suggesting a role of S1P signalling in cerebrovascular diseases (Hayashi et al., 2003) . In cultures of human brain endothelial cells, a model of the BBB, S1P5 receptors were important contributors to the maintenance of brain endothelial barrier function via stabilization of adherens junctions (van Doorn et al., 2012) . S1P promotes endothelial barrier function in cultured pulmonary endothelial cells (Garcia et al., 2001) possibly by enhancing tight junction formation (as shown in HUVECs; Lee et al., 2006) and cortical actin assembly (Garcia et al., 2001) , resulting in a decreased permeability. Whereas activation of S1P1 and S1P3 receptors enhanced the formation of endothelial junctions, activation of S1P2 receptors appeared to have the opposite effect (Lucke and Levkau, 2010) . S1P is also known to stimulate NO production by endothelial cells via eNOS activation (Dantas et al., 2003; Levkau, 2008) . Finally, albeit a matter of controversy, S1P is reported to inhibit endothelial activation by TNF-a both in vitro and in vivo. In particular, S1P reduced expression of platelet endothelial cell adhesion molecule 1, E-selectin, vascular endothelial-cadherin, IL-8, and CCL2 (MCP-1), leading to decreased adhesion of leukocytes to TNF-a-activated endothelial cells (Bolick et al., 2005; Krump-Konvalinkova et al., 2005; Whetzel et al., 2006) .
HDLs represent the principal acceptor and carrier of S1P, as about 60% of S1P contained in plasma is transported by HDL particles (Karliner, 2012) . S1P is preferentially carried by small HDL3 versus large HDL2 (Kontush et al., 2007) . Only small amounts of S1P are found in LDL and the quantity decreased upon oxidation. Furthermore, under pathological conditions such as coronary artery disease, S1P associated with HDL was lower than in controls (Sattler et al., 2010) . HDL-associated S1P was also reported to promote endothelial motility, a process of potential importance in the case of vascular injury, via G i-coupled S1P receptors and the Akt signalling pathway (shown in HUVECs; Argraves et al., 2008) . In addition, S1P was identified as one of the principal bioactive lysophospholipids in HDLs which is responsible for about 60% of the vasodilatory effect of HDL in isolated aortae ex vivo (Nofer et al., 2004) . S1P was recently reported to specifically bind to apolipoprotein M (apoM), chiefly contained in HDLs and to a lesser extent in LDL (Christoffersen et al., 2006) . apoM is a 25 kDa protein predominantly associated with HDL via a retained hydrophobic signal peptide (Christoffersen et al., 2008) . About 90% of apoM is contained in HDL, mainly in the a-particles and apoM was recently reported to mediate the S1P vasculoprotective effects of HDL by delivering S1P to the S1P1 receptor (Christoffersen et al., 2011) .
Whereas non-HDL-bound S1P can stimulate S1P1-3 receptors, HDL-associated S1P may preferentially be directed to S1P1 receptors through its binding to apoM. S1P may therefore participate in the vasculoprotective effects of HDL including:
• NO-dependent modulation of vascular tone • Improved maintenance of low permeability in endothelial cell layers • Decreased leukocyte adhesion to endothelial cells
In vivo, administration of human plasma HDLs to mice was shown to stimulate myocardial perfusion (Levkau et al., 2004) . The same group published, in a mouse model of cardiac ischaemia/reperfusion, that both S1P and HDLs isolated from plasma reduced the infarct area. This was associated with a reduced leukocyte adhesion to mouse TNF-aactivated endothelial cells (in vitro and under flow) and limited recruitment of neutrophils in the infarct area (Theilmeier et al., 2006) .
In atherosclerosis, S1P may be released by activated platelets during intraplaque haemorrhage and clot formation, and then induce both angiogenesis and smooth muscle cell differentiation and proliferation (English et al., 2000; Lockman et al., 2004) . The presence of intraplaque neovessels is thought to promote plaque vulnerability (Le Dall et al., 2010) ; S1P buffering by HDLs could thus limit the progression of atherothrombotic plaques towards rupture.
HDLs limit endothelial procoagulant activity. Tissue factor (TF)
is an important initiator of the coagulation cascade. Its expression by endothelial cells is induced by thrombin and may represent a trigger for the acute coronary syndrome. rHDLs were shown to down-regulate TF expression induced by thrombin in HUVECs via inhibition of small G-protein RhoA (Viswambharan et al., 2004) . Thrombin also induces CCL2 expression by endothelial (HMEC-1 cell line) and smooth muscle cells that is inhibited by plasma HDLs (Tolle et al., 2008) . By inhibiting apoptosis of endothelial cells (see the following paragraph), HDLs could limit the prothrombotic phenotype of endothelial cells that undergo apoptosis. A few hours after induction of apoptosis by staurosporin or by serum deprivation, HUVECs became proadhesive for non-activated platelets (Bombeli et al., 1999) .
Human plasma HDLs were also reported to enhance the anti-aggregating activity of BAECs in an NO-dependent manner (Chen et al., 2000a) . PGI 2 is a potent inhibitor of leukocyte activation/adhesion and platelet aggregation. rHDLs were shown to enhance TNF-a-and IL-1b-mediated PGI2 production, and thereby to protect against thrombotic complications (Cockerill et al., 1999) . HDLs may also affect thrombosis independently of their endothelial effects, by modulating platelet activation, as shown in vivo by injection of rHDL in patients with type 2 diabetes mellitus and in vitro, in platelets isolated from both control subjects and diabetic patients (Calkin et al., 2009) .
HDLs reduce expression of endothelial adhesion molecules in 'inflammatory conditions'.
HDLs were shown to inhibit TNFa-induced expression of intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and E-selectin by HUVECs, and this effect was reproduced for ICAM-1 by rHDLs. However, HDLs did not inhibit ICAM-1 in fibroblasts stimulated by TNF-a (Cockerill et al., 1995) . Stimulation of endothelial cells by TNF-a or IL-1 and subsequent evaluation of VCAM-1, ICAM-1 and E-selectin expression is a commonly used assay for testing the so-called 'antiinflammatory effect' of HDLs. rHDLs were reported to inhibit markedly neutrophil adhesion to endothelial cells in vitro after stimulation by LPS, via a decreased expression of E-selectin and ICAM-1. This effect was much lower when endothelial cells were stimulated by TNF-a. The authors suggested that rHDL blocked LPS activity and modulated CD11b/ CD18 up-regulation on neutrophils (Moudry et al., 1997) . In the case of Gram-negative endotoxic shock, endothelial cells are the first to be exposed to LPS. HDLs may thus represent an important modulator of the endothelial response to LPS, in addition to their inhibitory effect on circulating neutrophils. Indeed, interaction of LPS with HDL was reported a long time ago (Freudenberg et al., 1980) and LPS was shown to increase HDL clearance through bile and urine (Konig et al., 1988) . HDLs isolated from plasma, but not rHDLs, neutralized LPS, unless recombinant LPS binding protein (LBP) was added, suggesting that LBP was necessary to transfer LPS to HDLs (Wurfel et al., 1994) . Studies using SR-BI deficient mice also lend support to the role of HDL in LPS clearance as these mice are more susceptible to LPS-induced death (Li et al., 2006) and display decreased plasma clearance of LPS by the liver. In hepatocytes, SR-BI mediated LPS uptake more efficiently when associated with HDLs (Li et al., 2006) .
The modulatory effect of HDL on the expression of molecules supporting adhesion of leukocytes has also been reported in vivo, in various models of inflammation. In a porcine model using intradermal injections of IL-1a, rHDLs reduced the expression of E-selectin. This was confirmed in vitro using porcine aortic endothelial cells (Cockerill et al., 2001a) . The same author showed in a rat model of hemorrhagic shock that both plasma-derived and rHDLs limited the multiple organ dysfunction syndrome (Cockerill et al., 2001b) . In vitro, HDLs prevented neutrophil transmigration across a HUVEC monolayer after stimulation by TNF-a.
The modulatory effects of HDLs on neutrophil activation may also account for their reduced adherence to endothelial cells and subsequent diapedesis. In a mouse model of inflammation induced by intraperitoneal injection of TNF-a, intravenous apoA-I infusion was shown to reduce leukocyte adhesion to endothelial cells. rHDLs inhibited CD11b expression by neutrophils both in vitro, in response to PMA, and in human subjects with peripheral vascular disease (Murphy et al., 2011) . Modulation of leukocyte activation, including monocytes, by HDLs is thought to be mediated by apoA-I . Thus, in combination with decreased expression of adhesion molecules by endothelial cells, HDLs may also limit transmigration of leukocytes and subsequent tissue damage.
In a rabbit model of local inflammation induced by a carotid periarterial collar, Nicholls et al. (2005) showed that infusion of rHDLs and apoA-I reduced neutrophil infiltration and reactive oxygen species (ROS) generation in the vascular wall. Expression of VCAM-1, ICAM-1 and CCL2 by endothelial cells was also inhibited by both rHDLs and apoA-I. In the same model, the 5A apoA-I mimetic peptide (32AA) combined with phospholipids was sufficient to provide these beneficial effects and thus reduced infiltration of circulating neutrophils into the carotid wall .
In order to provide mechanistic insights into the antiinflammatory effects of rHDL on human coronary artery endothelial cells, the same group used a transcriptomic approach to highlight 3b-hydroxysteroid-d24 reductase (DHCR24) as being up-regulated in HDL-treated cells. rHDLs increased DHCR24 mRNA levels eightfold and protein levels twofold. Plasma HDLs, but not apoA-I, had similar effects. Silencing DHCR24 expression increased NF-kB expression and VCAM-1 in response to TNF-a, relative to untreated cells (McGrath et al., 2009) . DHCR24, known to convert desmosterol into cholesterol (Waterham et al., 2001) , is also reported to be anti-apoptotic and a potent scavenger of hydrogen peroxide (Lu et al., 2008) .
Antioxidant properties of HDLs. The antioxidant capacity of
HDLs is reported to be mainly associated with small dense HDL subfractions and is principally conferred by the presence of apolipoproteins and enzymes transported by HDLs including paraoxonase (PON), platelet-activating factor-acetyl hydrolase (PAF-AH), lecithin-cholesterol acyl transferase and glutathione peroxidase (Kontush and Chapman, 2010; Podrez, 2010; Tabet and Rye, 2009) .
Endothelial injury and activation induce a substantial penetration and retention of LDL particles in the subendothelial space where they are oxidized by ROS-producing systems, such as the mitochondrial electron chain transport, NADPH oxidase and uncoupled endothelial NO synthase, in resident and infiltrating cells (Parthasarathy and Santanam, 1994; Mabile et al., 1997) . Then, oxLDLs can interact with endothelial cells and other vascular cells to produce a variety of responses (Parthasarathy et al., 1999) .
HDLs inhibit LDL oxidation. The most well-documented antioxidant effect of HDLs is their ability to inhibit LDL oxidation. The mechanism involved in oxLDL detoxification can be separated into two consecutive steps: (i) the transfer of oxidized lipids from oxLDL, such as lipid hydroperoxides and lysophosphatidylcholine, to HDL particles. This exchange occurs directly via the interaction of LDL with HDL particles or is mediated by the cholesterol ester transfer protein (CETP) (Christison et al., 1995) ; and (ii) inactivation of oxidized lipids. The reduction of lipid hydroperoxides in their inactive hydroxide form primarily involves the methionine residues 118 and 145 of apoA-I (Garner et al., 1998) .
Other HDL-associated enzymes also participate in hydrolysis of oxidized lipids. PONs hydrolyse lipid peroxides by the interaction of a free sulfhydryl group with oxidized phospholipids, as shown for PON-1 (Aviram et al., 1999) . PAF-AH also hydrolyses oxidized phospholipids more efficiently than PON-1 (Marathe et al., 2003) . Glutathione peroxidase, a well-known antioxidant enzyme, is also involved in oxLDL detoxification (Arthur, 2000) . Compatible with these mechanisms, HDLs are the major carrier of F-2 isoprostanes, a stable product of lipid peroxidation (Proudfoot et al., 2009) .
Another mechanism by which HDL inhibits oxidation is the decrease in ROS production by the inactivation of neutrophil NADPH oxidase (Kopprasch et al., 2004; Liao et al., 2005) .
Finally, lipophilic antioxidants such as vitamin E and carotenoids are transported by HDL and represent a small contribution to the antioxidant properties of HDL (Goulinet and Chapman, 1997) . HDLs have been reported to promote the uptake of a-tocopherol (the most active member of the vitamin E family) by cerebral endothelial cells (Goti et al., 2000) , and this action was mediated by SR-BI (Goti et al., 2001) .
HDLs inhibit intracellular oxidative stress in endothelial cells.
HDLs counteract intracellular oxidative stress induced by a variety of stimuli, including oxLDL, acute phase proteins, etc. For example, HDLs were reported to decrease super-oxide anion production observed in endothelial cells in response to oxLDL in HUVECs and BAECs (Suc et al., 1997; Lee et al., 2005) or to serum amyloid A (SAA) protein in HAECs (Witting et al., 2011) .
In HAECs, HDLs were shown to reduce the intracellular oxidative stress induced by 7-ketocholesterol in an ABCG1-dependent manner. These authors also showed in vivo, in mice fed with a high-fat diet, that 7-ketocholesterol levels were increased in endothelial cells of ABCG1-/-mice, relative to those of wild-type mice (Terasaka et al., 2008) .
Oxidized/modified HDLs have reduced protective effects. It should be noted that oxidative modifications of HDLs participate in the impairment of HDL functionality. HDLs exposed to peroxynitrite increased their 3-nitrotyrosine levels. These oxidatively modified HDLs reduced HAEC viability associated with decreased expression of Cu 2+ , Zn 2+ superoxide dismutase (Matsunaga et al., 2001) .
In particular, HDLs isolated from atherosclerotic lesions and from plasma of patients with coronary artery disease presented modifications specific to myeloperoxidase (MPO) . In pathological conditions, MPO can bind HDLs and induce oxidative modifications on these particles Shao et al., 2012) . It is now well documented that apoA-I represents the principal target for HOCl and that chlorinated apoA-I compromises the major function of HDL cholesterol efflux but also favours endothelial activation via NF-kB-mediated adhesion molecule expression (Zheng et al., 2004; Undurti et al., 2009; Shao et al., 2012) . Also, MPO can bind to the endothelium and decrease vascular NO bioavailability (Baldus et al., 2001) . Heparin was suggested to mobilize vessel-bound MPO and thus improve endothelial function (Rudolph et al., 2010) . If HDL could, in a similar way, increase MPO clearance, this could also contribute to the beneficial effects of HDLs on endothelial function in vivo.
Reduced antioxidant capacity of HDLs in pathological conditions.
HDLs isolated from patients with coronary artery disease were shown to have a reduced potential to activate eNOS. This was in part explained by a reduced HDL-associated PON1 activity, leading to increased formation of malondialdehyde in HDL particles and subsequent activation of the LOX-1 signalling pathway leading to inhibition of eNOS activation by these HDLs (Besler et al., 2011) .
Antioxidant capacity of HDLs, determined by their inhibitory potential on copper-induced LDL oxidation, was decreased in patients with essential hypertension. Carotid artery intima-media thickness was negatively correlated with HDL antioxidant activity (Chen et al., 2010) .
In women with primary antiphospholipid syndrome, the beneficial effects of HDLs: endothelial NO production, reduction of superoxide anion production and monocyte adhesion to HAECs in response to TNF-a, were blunted relative to those from controls (Charakida et al., 2009) . In coronary artery disease, patients display impaired endothelial function (Esper et al., 1999) , and an unsuccessful attempt has been made to remedy this by injection of rHDLs (Chenevard et al., 2012) . A recent proteomic study reported differential protein profiles in HDLs isolated by ultracentrifugation between stable coronary artery disease, acute coronary syndrome and controls.
Decreased abundance of apoA-IV, suggested to be antioxidant (Ostos et al., 2001) , was demonstrated in patients with stable and acute coronary artery disease, relative to controls (Alwaili et al., 2012) . It was recently reported that the antioxidant capacity of apoB-depleted serum (considered as 'HDL' by the authors) was blunted in patients with acute coronary syndrome compared with controls or patients with stable coronary artery disease (Patel et al., 2011) .
The link between the antioxidant properties and the protein and lipid cargo of HDLs should be investigated in more detail in order to assess its impact on endothelial function.
Endothelial protection by HDL: does size matter?
The capacity of the different subclasses of HDLs to promote cholesterol efflux depends principally on the cellular receptors involved in this process. Small pre-b HDL particles correlate significantly with ABCA1-mediated cholesterol efflux (Asztalos et al., 2005) , whereas larger HDL particles preferentially bind to SR-BI, allowing selective uptake of cholesterol esters (de Beer et al., 2001) . Concerning the antioxidant activity, Kontush et al. (2003) showed that the protection of LDL against oxidation increased with the density of HDL subfractions (HDL2b < HDL2a < HDL3a < HDL3b < HDL3c). In particular, PON-1 activity was shown to be predominant in the HDL3 fraction (Bergmeier et al., 2004) . Small, dense, lipid-poor HDL3 particles also display cytoprotective effects in a model of endothelial cell apoptosis induced by oxLDLs, via inhibition of intracellular ROS generation (de Souza et al., 2010) . Moreover, small dense HDL particles exert a higher 'anti-inflammatory activity' than large HDL particles: HDL3 was shown to inhibit VCAM1 expression in cytokineactivated HUVECS more efficiently than HDL2 (Ashby et al., 1998) . On the other hand, large HDL2 particles were shown to more strongly inhibit platelet aggregability than small dense HDL3 (Desai et al., 1989) . In pathological situations such as cardiovascular disease, reduced levels of HDL2 particles could be more strongly predictive of cardiovascular disease risk than are concentrations of HDL3 (Krauss, 2010). However, because several different techniques are used to assess HDL size, as well as the protein and lipid cargo carried by HDL particles, correlations of size with function should be treated with caution.
HDLs prevent apoptosis of endothelial cells
HDLs have been shown to inhibit apoptosis of endothelial cells induced by different stimuli such as oxLDL and TNF-a (Suc et al., 1997; Sugano et al., 2000) . Importantly, both the death receptor (TNF-a) and the mitochondrial apoptotic pathways can be inhibited by HDLs. In oxLDL-induced apoptosis, it was nicely shown that HDLs interfere with endoplasmic reticulum and the autophagic response of human microvascular endothelial cells stimulated by mildly oxLDLs (by UV-C irradiation) (Muller et al., 2011a,b) . In this model, HDLs inhibited intracellular ROS generation and the mitochondrial apoptotic pathway (i.e. cytochrome C release into the cytosol), but also caspase-independent apoptotic pathways mediated by the apoptosis-inducing factor (de Souza et al., 2010) .
BJP
A Tran-Dinh et al. Nofer et al. (2001) used growth factor deprivation for induction of apoptosis in HUVECs to show that HDL prevented mitochondrial changes, caspase 9 and 3 activation and stimulated Akt, an important anti-apoptotic pathway (Nofer et al., 2001) . Whereas this group attributed the antiapoptotic effects of HDLs to sphingolipids, de Souza et al. (2010) showed that apoA-I was mainly responsible for the protection against apoptosis in their model. HDLs may therefore display anti-apoptotic effects associated with both their lipid and their protein moieties, depending on the apoptotic trigger.
HDLs and the BBB
The BBB is composed of specialized endothelial cells with a particularly dense network of tight junctions, pericytes and astrocyte endfeet. It represents an active interface between the blood stream and the CNS and endothelial cells play a central role in the control of transcellular and paracellular transport of nutrients and the removal of metabolites (Wilhelm et al., 2011) . BBB endothelial cells represent the first cell type to be affected in pathological situations such as ischaemia, for example. Cerebral ischaemia leads to BBB degradation which increases its permeability and subsequently to a loss of brain homeostasis.
The action of neutrophils on the permeability of the BBB remains unclear. Inglis et al. (2004) reported that, under nonstimulated conditions, neutrophil-endothelial cell interactions led to a decreased permeability whereas fMLP-activated neutrophils led to increased permeability, associated with transmigration through the endothelium. This process was dependent on intracellular calcium in endothelial cells and also partially on serine proteases, as it was inhibited by aprotinin. In vivo, IL-1b was reported to induce neutrophil adhesion and migration associated with an increased permeability of the BBB and a disorganization of the junction proteins (occludin, ZO-1, etc.) (Bolton et al., 1998) . Interestingly, the transendothelial migration of neutrophils following stimulation of the BBB by TNF-a was accompanied by an increased permeability but, after the migration period, the endothelial layer regained its low permeability (Wong et al., 2007) . This suggests that activation of endothelial cells is sufficient for expression of adhesion molecules and recruitment of neutrophils, but permanent BBB disruption may require additional factors, such as PMN activation.
Elastase, which is a major protease released by activated neutrophils, has been suggested to be an important mediator of endothelial layer permeability (Killackey and Killackey, 1990; Suttorp et al., 1993; Carl et al., 1996) . For this reason, the recently reported anti-elastase activity of HDLs (OrtizMunoz et al., 2009 ) may represent a novel protective effect of these particles in pathological conditions, involving neutrophil activation and subsequent elastase release. In particular, HDLs may be able to transport a-antitrypsin (AAT) into the cells where it could thwart the deleterious effects of intracellular elastase (Houghton et al., 2010) . AAT was shown to inhibit caspase 3 activity and thus prevent pulmonary EC apoptosis (Petrache et al., 2006) . ROS increase the permeability of the BBB in both in vivo and in vitro models (Kahles et al., 2007) . For example, superoxide dismutase-deficient mice exhibit high levels of superoxide anion associated with increased permeability of the BBB following ischaemia/reperfusion (Kondo et al., 1997) . Under hyperglycaemic conditions, oxidative stress and matrix metalloproteinase-9 were implicated in BBB dysfunction after ischaemia/reperfusion in a model of transient middle cerebral artery occlusion in rats (Kamada et al., 2007) . Because HDLs display antioxidant effects (Barter et al., 2004) and rHDLs were shown to restore endothelial function in hyperglycaemic conditions (Nieuwdorp et al., 2008) , it is possible that they may have beneficial effects on BBB in these pathological conditions.
HDLs and endothelial progenitor cells (EPCs)
HDLs were shown long ago to promote proliferation in BAECs (Tauber et al., 1980) . EPCs are circulating cells derived from the bone marrow involved in the natural turnover of endothelial cells as well as in vascular repair in different pathological situations (Fadini et al., 2007) . They were first isolated from mononuclear blood cells based on their CD34 expression (Asahara et al., 1997) . The number of EPCs was reported to be correlated with HDL cholesterol levels in young adult healthy subjects (Dei Cas et al., 2011) . In addition, in hypercholesterolemic patients, HDL cholesterol was found to be a strong determinant of both EPC number and function. Indeed, decreased EPC number was associated with low HDL and endothelial dysfunction (impaired endothelialdependent vasodilatation) (Rossi et al., 2010) . In vitro, HDLs were able to promote rat EPC proliferation, migration and tube formation via activation of PI3K/Akt intracellular signalling. In hypercholesterolemic rats, intravenous injection of human plasma HDLs increased circulating EPC number and promoted re-endothelialization in wound healing (Zhang et al., 2010) . Using a model of transplant arteriosclerosis, the group of De Geest elegantly demonstrated that adenoviral human apoA-I transfer increased both HDL levels and the number of circulating EPCs, and limited neointima formation. This was accompanied by an enhanced incorporation of EPCs into allografts and improved endothelial regeneration (Feng et al., 2008) . Furthermore, increased number and function of EPCs induced by apoA-I transfer was dependent on SRB-I expression in the bone marrow (Feng et al., 2009) . Finally, the same group recently reported that topical HDL administration to the adventitia limited vein graft atherosclerosis associated with increased incorporation of EPCs and improved endothelial regeneration (Feng et al., 2011) .
In a mouse model of endothelial injury in response to LPS, intravenous injection of rHDLs increased circulating EPC number (Tso et al., 2006) . In a mouse model of hindlimb ischaemia, rHDL promoted EPC differentiation from mononuclear cells as well as increasing their angiogenic capacity (Sumi et al., 2007) . Moreover, HDLs, in vitro, inhibited apoptosis of EPCs, thus increasing their proliferation and subsequent formation of outgrowth colonies and promoting their capacity to adhere to endothelial cells. Finally, in vivo, injection of rHDLs enhanced re-endothelialization after denudation in mice (Petoumenos et al., 2009 ). In a model of vein graft to carotid arteries (in apoE deficient mice), topical application of HDLs significantly reduced the intimal area and potently enhanced endothelial regeneration. These effects of HDLs were suggested to be related to increased incorporation of circulating progenitor cells (Feng et al., 2011) . In vitro, a recent study has reported that high concentrations of HDLs enhanced EPC senescence and impaired tube formation (Huang et al., 2012) .
In humans, infusion of rHDLs was attempted in patients with type 2 diabetes and led to an increase in circulating EPCs that was significant at day 7 post-injection (van Oostrom et al., 2007) . In their study, Petoumenos et al. (2009) also reported a correlation between circulating EPC number and HDL concentration in patients with coronary artery disease. Taken together, the beneficial effects of apoA-I, HDL and rHDLs on EPC number and function could be one explanation for the vasculoprotective actions of HDLs in pathological conditions.
HDLs and endothelial dysfunction in diabetes
Diabetes represents a good example of a pathological condition that integrates different aspects of the relationship between HDLs and endothelial cells. Endothelial dysfunction is a hallmark of diabetes; it has been linked to type 2 diabetes and insulin resistance in experimental and clinical studies (Creager et al., 2003) . Various mechanisms leading to endothelial dysfunction in diabetes have been suggested: (i) an altered cell signalling in endothelial cells that results in an impaired ability to produce NO in response to physiological stimuli; (ii) an increased oxidative stress in the vasculature; and (iii) a pro-inflammatory activation of endothelial cells. Nieuwdorp et al. (2008) showed in type 2 diabetics that the forearm blood flow (FBF) response to serotonin was decreased relative to non-diabetic subjects. Four hours after infusion of rHDL (80 mg kg -1 ) in diabetic patients, the FBF response to serotonin was significantly restored. On the contrary, in controls, rHDL infusion had no effect on serotonin-induced vasodilation. Interestingly, there was still a trend toward improved NO availability 7 days after rHDL infusion, when apoA-I plasma levels had returned to baseline.
Diabetes is also characterized by increased oxidative stress, in particular in dysfunctional endothelial cells (Tesfamariam, 1994) . Non-enzymic glycosylation and oxidation of HDLs is thought to occur in diabetic patients. These modified HDLs induce H2O2 production by HAECs and were shown to reduce eNOS expression associated with decreased NO production (Matsunaga et al., 2003) . Human apoA-I gene transfer in a rat model of diabetes induced by streptozotocin was shown to thwart induction of aortic angiotensin AT1 receptor expression. In vivo, NADPH activity was reduced, whereas eNOS dimerization and subsequent NO bioavailability were increased. In vitro, inhibition of hyperglycaemiainduced AT1 receptor up-regulation by HDLs in HAECs was paralleled by decreased NADPH activity and ROS production. In experimental diabetic conditions, the vasculo-protective effects of HDLs could thus be mediated by the downregulation of AT1 receptors .
HDLs from patients with type 2 diabetes have been extensively characterized for their capacity to modulate endothelium-dependent vasodilation and EPC-mediated repair in a model of carotid injury in nude mice (Sorrentino et al., 2010) . Both HDLs and EPCs from diabetic patients were shown to be dysfunctional. HDLs exhibited increased lipid peroxidation and MPO activity relative to controls, and displayed a reduced capacity to induce endothelial NO production. Furthermore, EPC number and function were reported to be altered in both type 1 and type 2 diabetes (Tepper et al., 2002; Loomans et al., 2004) , and EPC count was lower in healthy hyperinsulinemic men (Dei Cas et al., 2011) .
HDL3 particles isolated from type 2 diabetics displayed an altered antioxidative activity relative to controls (Nobecourt et al., 2005) . Because increased generation of ROS is closely associated with endothelial dysfunction in this disease (Cai and Harrison, 2000) , less effective HDLs in the prevention of oxidative stress could participate in this process. Finally, HDLs isolated from patients with type 2 diabetes exhibited an increased «inflammatory index», defined as the ability of HDLs to interfere with LDL-induced monocyte chemotactic activity. HAECs were incubated with LDL Ϯ HDL for 16 h and the resulting conditioned medium was used to attract monocytes in a Transwell system (Morgantini et al., 2011) . In conclusion, modified HDLs in diabetic patients may reflect and/or participate in endothelial dysfunction that could be reversed by infusion of rHDLs (see paragraph on HDLs and Proteomics and Table 1 ). Furthermore, infusion of rHDL was also shown to modulate glucose metabolism by increasing plasma insulin levels , in particular by modulation of beta cell function (Fryirs et al., 2010; Kruit et al., 2010) .
HDLs from coronary artery disease patients
HDL isolated from patients with coronary artery disease displayed an impaired endothelial repair capacity in a model of carotid artery injury re-endothelialization performed in nude mice. These effects of HDL were suggested to be dependent on eNOS activation, since they were not observed in eNOSdeficient mice (Besler et al., 2011) . In hyperlipemic patients, association studies have shown that HDL -cholesterol concentration was an independent predictor of good endothelial function (Lupattelli et al., 2002) and was inversely correlated with VCAM-1 and ICAM-1 levels (Lupattelli et al., 2003) .
HDL-omics and perspectives
A more detailed characterization of HDL particle composition is still necessary in order to better understand their functions and dysfunctions in pathological conditions. Open approaches such as proteomics and lipidomics aimed at identifying and quantifying proteins and lipids associated with HDL particles have been attempted. «Lipoproteomics I and II» published in 2005 reported a list of proteins associated with LDL and HDL fractions isolated by ultracentrifugation (Karlsson et al., 2005a,b) . AAT was identified in HDLs for the first time. This anti-elastase protein was confirmed to be associated with HDLs by various techniques and HDLs were shown to inhibit vascular cell apoptosis induced by elastase (Ortiz-Munoz et al., 2009 ). In addition, HDLs could be enriched in vitro by adding AAT to increase their anti-elastase potential. The identification of new proteins or lipids that can naturally bind to HDL particles suggests that their functionality could be improved and that HDLs could be used as vectors for therapeutic agents in acute or chronic conditions (Burillo and Civeira, 2012a) . Other proteomic studies have highlighted proteins associated with HDLs that could affect endothelial cells, in particular proteinase inhibitors, acute phase proteins or those regulating the complement system (Vaisar et al., 2007) . Many proteins identified in HDLs could modulate their function or provide them with new proper-ties. For example, what is the biological significance of the presence of growth arrest-specific gene 6 in HDLs, buried in a list of 56 identified proteins (Rezaee et al., 2006) ? Is its association with HDLs a means of inactivating this potential pro-inflammatory protein, reported to enhance interactions between endothelial cells, platelets and leukocytes ?
A recent study reported the identification of 122 proteins, by comparing HDLs isolated from control subjects to those from haemodialysis patients (Mange et al., 2012) . In view of the increasing sensitivity of proteomic techniques, the number of HDL particles that bind a specific protein should be considered when evaluating whether the protein could impact on HDL function. Also, whether each HDL subfraction has a specific protein and lipid cargo should be considered.
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isolated from type 2 diabetic, insulin-sensitive, insulinresistant, lean or obese patients and controls showed that decreased levels of clusterin in HDLs were associated with insulin resistance, obesity and dyslipoproteinaemia (Hoofnagle et al., 2010) . Specific diets may also influence the HDL proteome, as reported following w-3 polyunsaturated fatty acid supplemented-diet that led to increased levels of PON-1 and clusterin associated with HDL particles (Burillo et al., 2012b) .
Another recent study in patients with type 2 diabetes assessed the lipidome in HDL fractions and the authors linked their blunted antioxidant capacity to their increased content in oxidized fatty acids. In these patients, plasma levels of serum amyloid A (an acute phase protein) were also increased, reflecting the inflammatory state of these diabetic patients (Morgantini et al., 2011) . In a recent proteomic study in patients with stable coronary artery disease or acute coronary syndrome, HDLs were shown to have increased abundance of serum amyloid A and complement C3, reflecting a shift to an «inflammatory» profile that might alter their protective effect, although their RCT capacity was unchanged compared with controls (Alwaili et al., 2012) . In vitro, serum amyloid A induced Ca ++ -dependent superoxide anion generation and reduced NO bioavailability in HAECs. Preincubation with HDLs decreased intracellular calcium influx, O2-production and gene expression of NF-kB and TF (Witting et al., 2011) . HDLs isolated from coronary artery disease patients were not able to induce anti-apoptotic gene expression or to prevent apoptosis of endothelial cells either in vitro or in vivo, in contrast to HDLs isolated from healthy subjects. HDL proteomic analysis suggested a reduced clusterin and an increased apoC-III content in HDLs from coronary artery disease, compared with healthy subjects (Riwanto et al., 2013) .
Modifications of apoA-I and changes in both lipid and protein composition of HDL particles directly affect the function of HDLs. Further investigations combining lipidomic and proteomic studies are needed to understand, and thus to limit, the HDL modifications specific to each pathological condition.
Conclusion
HDLs represent a highly heterogeneous family that have in common their major protein, apoA-I, and a phospholipid layer. HDL particles are dynamic in terms of their protein and lipid cargoes that provide them with various functions including anti-oxidant, anti-protease, anti-inflammatory, anti-thrombotic or anti-apoptotic actions, which account for their global protective effects on the endothelium. Therefore, these particles should not be regarded as 'molecules' with a fixed composition (Patel et al., 2011) , but as dynamic multimolecular complexes whose composition varies according to their environment.
In pathological conditions, HDLs may scavenge a variety of noxious molecules such as LPS, acute phase proteins, ROS etc., that directly affect their function. Although RCT remains the best characterized function of HDLs, there is a paucity of information on the mechanisms by which HDL particles reach the sub-endothelial space to exert their antiatherosclerotic functions. Several studies have used acute HDL therapies in vivo, including in humans, in order to prevent or to limit endothelial dysfunction in various pathologies. Table 1 summarizes the therapeutic use of HDLs, rHDLs, apoA-I or mimetic peptides, in different pathological settings. The use of CETP inhibitors to increase HDL cholesterol levels may not be sufficient to restore all HDL functions, in a pathological context. Infusion of functional HDLs, either reconstituted with appropriate protective molecules in addition to apoA-I and phospholipids or isolated from plasma of healthy subjects, may therefore constitute a promising option, in particular in acute situations such as acute coronary syndrome or stroke. Further investigations are needed to improve the cargo and hence the function of HDLs, by combining protective agents that may be delivered to the endothelial layer.
